The role of fibrin in the pathogenesis of renal glomerular scarring in the dog was studied. Fibrin deposition, resulting from disseminated intravascular coagulation, was induced by intravenous injection of Liquoid (sodium polyanetholsulphonate). Thirty-eight puppies were killed from 30 minutes to 39 days after treatment, and the renal lesions examined by light, electron and immunofluorescence microscopy.
Fibrin deposits in the renal vasculature are a prominent feature in a wide range of human nephropathies [%lo] . These deposits appear to play a major role in the progressive obsolescence of arteries and glomeruli in the dog, a view substantiated by studies on several experimental animal models [22] .
In comparison, the role of fibrin deposition in renal diseases of the dog has received very little attention, despite the fact that fibrin deposits in the glomeruli are a major feature of at least two canine nephropathies, chronic interstitial nephritis and chronic glomerulonephritis [ I , 15, 231 . As no experimental work has been done in or applied to the dog, however, the significance of these glomerular deposits in the dog is not known.
We describe acute and chronic changes in the glomeruli after an episode of glomerular thrombosis. Thrombosis was induced by triggering disseminated intravascular coagulation by intravenous injection of Liquoid (sodium polyanetholsulphonate), and the reaction was studied by light, electron and immunofluorescence microscopy.
Materials and Methods
Sodium polyanetholsulphonate (Liquoid: Sigma Chemical Company, St. Louis, Mo., USA) was dissolved in sterile distilled water immediately before use, to obtain solutions of various concentrations (2.5 to 50 mg/ml). These were injected intravenously into the experimental animals at doses ranging from 8 to 166 mg/kg. All injections were given very slowly in order to avoid fatal pulmonary thrombosis and haemorrhage, which can occur if Liquoid is given too quickly.
Thirty-eight male and female crossbreed puppies 8 to 12 weeks old and weighing between 1.5 kg and 4 kg were used. Thirteen were given various doses of Liquoid in order to find a regime that caused extensive fibrin deposition in the glomeruli without killing the dog. Twentyfive dogs were given this dose (a 4 mg/ml solution given in a quantity of 10 mg/kg), and were killed at intervals up to 39 days after injection. Six untreated dogs of similar age and weight were controls. The dogs were sedated with Immobilon (etorphine: Reckitt and Coleman, Hull, Britain) before treatment, and revived immediately after with Revivon (diprenorphine: Reckitt and Coleman, Hull, Britain).
Pieces of kidney from each dog were futed for seven days in 10% neutral buffered formalin, post-futed for 24 hours in mercuric chloride formal, dehydrated, cleared and embedded in paraffin. Sections were cut routinely at 4 pm and stained in haematoxylin and eosin (HE).
Selected sections from each kidney were stained with periodic acid-Schiff (PAS) to show basement membranes, von Kossa for calcium salts and the following stains for fibrin: Gram Weigert, Martius-scarlet blue, Masson 44/41, Obadiah, picro-Mallory V, phosphotungstic acid haematoxylin, and yellowsolve.
In each case two semi-quantitative examinations of the glomeruli were done. Firstly, the total glomerular damage in a case was estimated by counting glomeruli from two or more sections so that at least 100 were examined. Each glomerulus was classified as either normal (non-scarred), <SO%, >SO% or 100% of the tuft scarred and non-functional. Secondly, to investigate the various morphological alterations involved in the scarring process, the same sections were re-examined and the incidence recorded of each individual glomerular lesion.
At necropsy, blocks of kidney less than 1 mm thick were futed by immersion in a paraformaldehyde-glutaraldehyde mixture at 4OC for four to six hours and post-fixed for one hour in 1% osmium tetroxide. Following dehydration in an ethyl alcohol series, the tissues were treated with propylene oxide and embedded in araldite. Ultrathin sections (0.05 pm) were cut and stained with 20% uranyl acetate in methanol and lead citrate and then examined with an electron microscope. Where possible, at least three glomeruli per case were examined.
In each case, frozen sections of kidney 5 pm thick were cut, washed in phosphate buffered saline at pH 7.2 for half an hour, and futed in acetone for 10 minutes. They were then stained for half an hour with rabbit anti-canine fibrinogen serum conjugated with fluorescein isothiocyanate (Cappel Laboratories, Cochranville, Pa., USA). After washing in phosphate buffered saline for another half hour, sections were examined with incident light fluorescence.
Results
The effects of Liquoid vaned greatly from dog to dog, even where identical doses were given. The same dose could produce no effect whatsoever, or a non-fatal renal lesion, or fatal pulmonary and renal lesions. This and the consequent variation in severity and type of the glomerular lesions precluded a detailed study of their relationship with the dose given or the time after injection. Instead, this section describes the whole range of renal, and in particular glomerular, lesions that fibrin deposition produced. The dogs could be divided into two groups: those living up to three days, which showed predominantly acute lesions (16 dogs); and those living three days or longer, which showed predominantly chronic changes (22 dogs).
Acute phase

Gross lesions
Liquoid proved to be a highly lethal compound. Fourteen animals died or were killed in extremis between 30 minutes and two days after treatment because of pulmonary thrombosis, haemorrhage and oedema, or acute renal failure, or both. Typically, the kidneys were congested and swollen, with many cortical petechiae and larger focal or subcapsular haemorrhages.
Lighl microscopy
All dogs had renal lesions except one killed after two days: presumably Liquoid had not triggered intravascular coagulation, and this dog is excluded from further discussion.
The major renal lesions were massive vascular thrombosis and congestion with subsequent cortical necrosis (figs. 1, 2). There was a progressive accumulation of thrombi and red blood cells in the glomerular capillaries over the first 24 hours after treatment. In addition to producing occlusive thrombi, fibrin also could form as a circumferential layer on the glomerular basement membrane, producing apparent thickening. Thrombosis and congestion were followed by cellular degeneration and necrosis, haemorrhage into the urinary space and an influx of polymorphonuclear leukocytes into both necrotic and non-necrotic glomeruli. The severity of these lesions varied among glomeruli ( fig. 2 ). In any one kidney section, some glomeruli were normal, others were swollen by capillary thrombosis and congestion, while the remainder were undergoing necrosis, with blood cells, fibrin and cellular debris in the urinary space. In the most severely damaged glomeruli (most prominent at two and three days after treatment), Bowman's space was distended with fibrin, blood ceIIs, and cellular debris, with little if any of the capillary tufts remaining. In a few instances Bowman's capsule ruptured, liberating this material into the interstitium. In dogs dying later than 24 hours after treatment, some glomeruli were scarred. Scarred glomeruli were characterized by expansion of the mesangium and thickening of capillary walls with globules of collagen-staining material, which in some instances completely occluded the glomerular capillaries. This lesion was typical of the chronic stage and is described in more detail below.
Thrombosis and congestion also were present in afferent and to a lesser extent efferent arterioles ( fig. 1 ): occasionally, interlobular arteries, vasa recta and peritubular capillaries were affected as well. Fibrin and blood cells were seen not only occluding the lumina of the arteries and arterioles, but also in the walls of such vessels.
This deranged blood supply resulted in marked interstitial haemorrhage and oedema with widespread tubular degeneration and necrosis. Haemorrhage was most conspicuous in the outer medulla (corresponding to the gross picture), where it led to foci of liquefactive necrosis. Mild polymorphonuclear leucocyte infiltration also was present in the interstitium.
Electron microscopy
In animals killed up to two days after treatment, every glomerulus examined contained fibrin, with many capillaries completely blocked by thrombi ( fig. 3, 4) . Often there were varied numbers of red blood cells, platelets and sometimes polymorphonuclear leukocytes enmeshed in the fibrin. Occasionally, a capillary was occluded by a mass of platelets and red blood cells with little or no fibrin. Smaller deposits of fibrin were present elsewhere in the glomerulus ( fig. 4) : it often was seen in the mesangium, between the endothelium and glomerular basement membrane, and in phagocytic vacuoles of glomerular cells and polymorphonuclear leukocytes. In the more severely affected glomeruli, fibrin was present in the urinary space as well.
Most fibrin was in an electron-dense, fluffy, granular or fine non-banded fibrillar form: only a few thrombi had striated fibrin fibres. Deposits of an electron-translucent, finely granular and fibrillar material were seen rarely in dogs surviving more than 24 hours ( fig. 4) . Such material resembled that which characterized the chronic phase (see below), and probably corresponded to the collagen-staining material seen by light microscopy.
All parts of the glomerular tuft were affected by the deposition of fibrin, but the reaction varied with the amount present. Where only a little fibrin was seen and occlusive thrombi were absent, the major change was endothelial and mesangial cell phagocytosis and swelling ( fig. 4) . Material in the vacuoles in these cells (and also in polymorphonuclear leukocytes and epithelial cells) appeared to undergo a progressive decrease in electron density. This was interpreted as phagocytosis and subsequent degradation of fibrin. Cytoplasmic swelling was most notable in the endothelial cells, which often expanded to cover a mass of fibrin ( fig. 4) . In some capillaries this was repeated several times, resulting in partial or complete occlusion of the lumen with alternate layers of fibrin and cytoplasm. Mesangial cells also were swollen and this, plus expansion of the matrix by fibrin deposits, resulted in axial expansion of the mesangium. The swelling of these cells was associated in some instances with an apparent increase in the number of organelles. Epithelial cells were little changed in these capillaries, although the discrete foot processes of the visceral epithelial cells were replaced by much broader segments of cytoplasm (so-called "fusion"), and cytoplasmic vacuoles were increased in number.
In most glomeruli, large amounts of fibrin resulted in capillary occlusion ( fig. 3 ). As a result, all parts of the glomerular tuft showed degeneration and necrosis. All three cell types showed various degrees of cytoplasmic swelling associated with a loss of density, and swelling and derangement of organelles. In addition, the foot processes of the epithelial cells often were fused, while the glomerular basement membrane was frayed and the mesangial matrix partially or completely destroyed. In the most severely damaged capillaries, only a thin, frayed, denuded glomerular basement membrane was left surrounding a mass of thrombus and cellular debris, with no intact glomerular cells present. The urinary spaces of such glomeruli were filled with fibrin, cellular debris and some blood cells.
After three days, in addition to these acute lesions, some glomeruli showed extensive production of glomerular basement membrane and matrix-like material characteristic of the chronic phase (see below).
Only a few blood vessels (afferent arterioles and interlobular arteries) were examined. The histologic picture of thrombosis with extrusion of fibrin and red blood cells into the walls of these vessels was confirmed.
Immunofluorescence microscopy
Immunofluorescence findings correlated well with those from the light microscope. In the 24 hours after treatment, fibrin accumulated within the glomerular capillaries and, to a lesser extent, the afferent arterioles and interlobular arteries. A few deposits were found in the vasa recta as well. In the glomeruli, most fibrin was present as occlusive thrombi but smaller deposits also were found in a linear pattern along the capillary walls and as globules lodged in the mesangium. Immunofluorescence also confirmed fibrin in the tubules.
Chronic phase
Gross lesions
In dogs surviving four days or more, renal swelling, congestion, and, except in one case, haemorrhage were absent. Instead, the kidneys were either normal in appearance or had varied numbers of pale cortical foci reflecting interstitial fibrosis and tubular calcification.
Light microscopy
No abnormalities were found in the kidneys of seven dogs; presumably, intravascular coagulation was not triggered in these dogs, and they are excluded from further discussion. The major renal lesions in the remaining 14 dogs were focal glomerular scars, tubular repair, and tubular obliteration by calcification and interstitial fibrosis.
Unlike the typical acute case where most of the glomeruli were affected, chronic cases showed residual damage in fewer than half and usually fewer than a third of the glomeruli, and lesions usually were limited to only part of the glomerulus. Moreover, the nature of the lesions was very different: congestion, haemorrhage and polymorphonuclear leukocyte infiltrates were absent, necrosis was rare (fig. 5 ), and fibrin was identified only in one dog killed eight days after treatment.
Affected glomeruli were scarred ( fig. 6,7) . The major feature was expansion of the mesangial matrix. The staining properties of the new material varied: in some glomeruli it stained like normal mesangium, but in dogs killed up to 21 days after treatment, other areas of the mesangium were expanded by globules of hyaline material. These foci were homogeneous, refractile, eosinophilic and faintly PASpositive. They stained brightly for collagen, and were thus distinguished from normal mesangial matrix. Occasionally such globules were present in a peripheral capillary loop, as well as producing nodular thickening of the capillary wall. The major lesions of the capillary wall, however, were thickening, wrinkling and duplication of the glomerular basement membrane. A small percentage of glomeruli were hypercellular. The cells involved had the morphology and position of endothelial and mesangial cells, and mitoses were seen in one or two glomeruli from several cases. This is of dubious significance, however, as a glomerular mitosis was seen in two cases with no renal lesions.
Most damaged glomeruli had localized areas of one or more of these lesions. In the more severely damaged glomeruli, these often were accompanied by other lesions: capsular adhesions, thickening and duplication of the capsular basement membranes, and obliteration of necrotic lobules by collagen-staining material ( fig. 6 ). A few glomeruli were left completely scarred as a result of the fibrin deposition. These remained as shrunken nodules with their capillaries obliterated by collagen-staining material; some appeared to be hypercellular while others were hypocellular. Finally, there were glomeruli where complete necrosis had occurred ( fig. 5 ). All that remained were circular areas bordered by remnants of the capsular basement membrane containing necrotic debris, calcium precipitates and a few viable cells, including macrophages and fibroblasts. Arterioles supplying these glomeruli were collapsed but no lesions were identified in viable afferent arterioles or interlobular arteries.
Electron microscopy
Corresponding to the histological picture, electron microscopy showed some glomeruli to be normal, but others had localized areas of scars. No severely scarred glomeruli with all the tuft affected were found. Electron microscopy confirmed the two major lesions to be mesangial expansion and glomerular basement membrane thickening, wrinkling and duplication.
In affected segments of the tuft, the mesangium was often abnormally prominent because of increased amounts of matrix or matrix-like material and enlargement and axial expansion of mesangial cells ( fig. 8 ). Although no mitoses were seen, proliferation was judged to have taken place because three mesangial cells were seen together more often than in the glomeruli from the control dogs. In a few instances, four mesangial cells were seen in one area ( fig. 9 ). Very occasionally there was circumferential expansion of mesangial cells around the capillary walls between the glomerular basement membrane and endothelium.
In dogs killed up to 21 days after treatment, areas of mesangial enlargement also were caused by discrete foci of granular, fluffy and fine non-banded fibrillar material, which was less electron-dense than normal mesangial matrix and glomerular base- ment membrane ( fig. 9-1 1) . Some foci, the ultrastructural equivalent of the brightly staining collagen globules seen with the light microscope, contained banded fibres resembling collagen (fig. 11 ). Such foci usually were in the axial region of the capillary and were separated from the capillary lumina by a layer of endothelium. Less often, smaller foci were in the capillary walls between the endothelium and glomerular basement membrane.
The most common glomerular basement membrane abnormality was irregular subendothelial expansion, often accompanied by splitting or vacuolation of the original basement membrane. As a result, a clear distinction into lamina densa and (fig. 12 ). Although similar areas were present in the glomeruli from control dogs, they were much more numerous and extensive in the test dogs. Less often there was irregular subepithelial thickening, alone or in conjunction with the lesions described above. A rare lesion was the formation of a Like mesangial cells, endothelial cells in scarred areas sometimes were swollen, and occasionally two nuclei could be seen close together, suggesting cell proliferation ( fig. 9 ), but no mitoses were found. As a result of the cellular swelling, mesangial enlargement and glomerular basement membrane thickening, affected capillaries had narrowed lumina, but complete occlusion was not seen. Fusion of the epithelial cell foot processes often was present along stretches of deranged glomerular basement Necrotic nucleus (arrow). E = endothelium. membrane ( fig. 12 ). In addition, there was an increase in the number of vacuoles in, and microvillus formation by, many of the epithelial cells.
Where interstitial fibrosis was seen around a glomerulus, the capsular basement membrane often was wrinkled. No thickening of the capsular basement membrane was seen, however, nor were adhesions found. There was no evidence of proliferation of either type of epithelial cell.
The electron microscope showed that chronic lesions were, in fact, present in the interlobular arteries and afferent arterioles. Small foci of basement membrane-like material were found in the intima and media of several different vessels ( fig. 13 ).
Immunofluorescence microscopy
Fibrin was found only in the one case where it was identified with histological stains, and only a few glomeruli in the section were affected. Unlike the acute stage, the chronic stage had fibrin only in the mesangium and not in the capillary lumina and walls.
Discussion
Liquoid is a synthetic acid polymer with anticomplementary, antiphagocytic and serum protein precipitating activity in vifro [ 161. It also acts as an anticoagulant with a heparin-like action in vitro and in vivo [3] . Thus, the thrombosis produced in this study by the injection of Liquoid is paradoxical. Formerly it was thought that thrombi resulted from precipitation of fibrinogen [5] . Although precipitation may contribute to the total effect, the major reaction has now been shown to be coagulation [3] . Liquoid triggers disseminated intravascular coagulation by activating Hageman's factor [12, 13, 171, probably through injury to endothelial cells, which release tissue t hromboplastin (41. Liquoid also activates complement, probably by both classical and alternate pathways [ 1 I]. In rats, Liquoid-induced glomerular thrombi contain C3 [ 171, and cobra venom factor-mediated hypocomplementaemia afforded protection to glomerular thrombosis in 60% of rats [20] . Although complement activation can itself produce glomerular damage, lesions following Liquoid injection definitely are mediated by fibrin deposition. Studies in other species show that anti-coagulants and fibrinolytic agents reduce the degree ofglomerular injury [3,7, 18,201, and fibrinolytic inhibitors have the reverse effect [2 I]. Secondly, identical acute and, more significantly, chronic lesions are produced by thrombin infusion, which acts specifically to convert fibrinogen to fibrin [2, 211.
The acute lesions in dogs were identical to those described in other animal species (including mice, rats and rabbits) following injection of Liquoid [5-7, 14, 17, 211. The basic reaction was glomerular and arterial thrombosis, leading in the most severely affected areas to ischaemic necrosis of the glomeruli and tubules and a consequent influx of polymorphonuclear leukocytes into the kidney. The body does try to protect itself from these events. In the glomerulus there are at least three pathways by which fibrin is removed. Firstly, the electron microscope showed that the endothelial and mesangial cells as well as polymorphonuclear leukocytes all phagocytose intracapillary fibrin. As a result, endothelial and mesangial cells often were enlarged and swollen. Secondly, there was fibrin in the urinary space and phagocytosed by epithelial cells: presumably some was excreted in the urine. Thirdly, fibrinolytic enzymes have been shown to be active in removing fibrin formed by Liquoid administration [6, 211. Once the speed of deposition exceeds the combined rate of clearance by these mechanisms, fibrin accumulates and persists in the glomeruli, setting the scene for scarring.
The chronic lesions have been described in detail in only two reports [19, 211 . The lesions produced in rabbits were similar to those found in this study, namely: focal expansion of the mesangium with matrix-like material, glomerular basement membrane thickening and duplication, focal endothelial and mesangial hypercellularity, a few capsular adhesions and some areas of epithelial cell hyperplasia (not seen in our dogs); in only a few instances were glomeruli completely obliterated by these lesions (211. Slightly different lesions have been produced in rats [ 191. In addition to the above lesions of rabbits, rats had electron-dense deposits in subendothelial and mesangial locations, infiltration by circulating mononuclear cells, and various numbers of cytoplasmic vacuoles and bodies of various sizes, densities and structure in monocytes and mesangial and endothelial cells. These differences may reflect a species variation, or may be the result of a different treatment regime of twice-weekly injections of a low dose of Liquoid for up to 13 weeks, the lesions produced being most severe at 13 weeks. Neither species had the discrete hyaline collagen-staining foci or their ultrastructural equivalent foci of relatively translucent granular, fluffy or finely fibrillar material with occasional collagen fibres that were seen in our dogs killed between 4 and 21 days after treatment. Occasionally, however, collagen was found in the mesangium in rabbits [2 11 . Despite these variations, the most widespread lesions in these two studies, as in ours, were mesangial matrix expansion and glomerular basement membrane thickening, wrinkling and duplication.
The ultrastructural features indicated that glomerular scars are similar to scars in other organs and tissues. Firstly, thrombosis led to widespread glomerular necrosis, and the damaged areas were replaced by basement membrane and mesangial matrix formed by the remaining viable glomerular cells. Secondly, fibrin deposits persisting in the glomerulus underwent a transformation-the electron-dense granular and fibrillar masses were replaced by relatively translucent, granular, fluffy or finely fibrillar elements. The lack of such foci or their histological equivalent (the discrete hyaline deposits staining for collagen) in dogs killed later than 21 days after treatment suggests that these eventually are replaced by or transformed into basement membrane or mesangial matrix. This process is thus akin to organization in other organs where fibrin is replaced progressively by fibrous tissue following the invasion of fibroblasts.
Both chronic interstitial nephritis and chronic glomerulonephritis in the dog are characterized by severe glomerular scarring involving mesangial expansion and production of basement membrane like that produced in this study, and also show prominent glomerular fibrin deposits [ 1, 15, 231 . Thus, our results indicate that fibrin deposits are likely to play a major role in the pathogenesis of glomerular scarring in spontaneous canine nephropathies.
